M
aintaining genome stability is a fundamental aspect of life. It is critical for proper gene expression and transmission. However, the genome is also highly dynamic, with alterations occurring in various forms during cell growth, division, and/or differentiation. One important aspect of these alterations is in gene dosage. For instance, gene duplications or amplifications have been known to occur aberrantly in somatic tissues and can cause diseases such as cancer (1) . When gene duplication occurs in the germ line, it is thought to serve as a major driving force in genome evolution (2) . Interestingly, amplifications of individual genes have also been known to occur as regulated developmental processes in many organisms, presumably to produce more gene products needed at specific stages of the life cycle (3) (4) (5) . The mechanisms underlying these processes are not entirely clear and have been the subjects of extensive investigations for several decades. The articles by Nowacki et al. (6) and Heyse et al. (7) in PNAS reveal a surprising aspect of gene dosage variations in two species of ciliated protozoa, Stylonychia lemnae and Oxytricha trifallax, in which most genes exist as unlinked molecules or nanochromosomes in their somatic nuclei (8) . It seems that changes in the copy number of these genes can be transmitted through sexual reproduction, setting up an unusual inheritance of somatic information, and RNA somehow serves as the messenger in this mother to daughter communication.
Ciliates live an interesting genetic life. This group of single-celled eukaryotes typically contains two types of nuclei, the micro-and macronucleus, which are the products of germ/soma differentiation. During the sexual process of conjugation, the micronucleus goes through meiosis, cross-fertilization, and mitosis to generate new micro-and macronucleus for the following vegetative life cycle, and the old macronucleus, being a somatic nucleus, degenerates and disappears at the end of this process. The differentiation of the new macronucleus involves an amazing array of regulated DNA rearrangement processes. Depending on the species, they can include internal DNA deletion, DNA fragmentation, telomere addition, inverted gene duplication, gene amplification, gene unscrambling, and endo-replication. These rearrangements are relatively modest in species such as Tetrahymena (9) but can be quite extensive in Oxytricha and Stylonychia, in which more than 90% of the genome is discarded and the retained DNA is fragmented into molecules averaging 2-3 kb in sizes, sufficient to contain just one or very few genes (8) . This streamlined, highly polyploid somatic genome is responsible for essentially all transcriptional activities during the following vegetative life cycle. Lacking typical mitotic features such as centromeres and a spindle apparatus, the macronucleus divides amitotically. With essentially all genes being unlinked to each other, individual genes are presumably free to vary in dosage during vegetative growth and division, generating perhaps one of the most extreme cases of gene copy number control in biology.
Recent studies on ciliate genomes have revealed the surprising involvement of RNA in DNA rearrangement. In Tetrahymena and Paramecium, internal DNA deletions occur at thousands of specific sites, and the process is guided by RNA in mechanisms highly related to RNAi (10) (11) (12) . Injection of double-stranded RNA during conjugation actually induced the deletion of the corresponding genomic sequence (12) . In Oxytricha, RNA is also found to guide the remarkable gene unscrambling process (Fig. 1) . In this and other stichotrichous ciliates including Stylonychia, many genes in the germline genome are scrambled: they are interrupted by segments that need to be deleted, and the remaining segments are arranged out of order and often in the wrong orientation, which have to be reordered and assembled to create a functional gene every time a new somatic genome is formed during conjugation (13) . The genetic information necessary for this gene unscrambling process apparently comes from the parental somatic genomes, which contain properly ordered genes already unscrambled in the previous conjugation. 
COMMENTARY
They make RNA copies that presumably travel to the developing new macronucleus to guide DNA rearrangements. Injection of RNA can indeed affect this process and creates artificially rearranged genes according to the mutated RNA templates injected (14) . Studies of these rearrangement processes have now led to another surprise. The RNA encoded by the parental somatic nanochromosomes not only guides DNA rearrangements, but it also affects the copy numbers of these processed, gene-sized chromosomes in the offspring.
To show this point, Nowacki et al. (6) inject RNA (transcribed in vitro) into conjugating cells of Oxytricha at a time before macronuclear differentiation begins and analyze the progeny produced (Fig. 1) . The effects are significant: injection of RNA from either or both strands increased corresponding gene copy numbers in the macronucleus of the offspring by about threefold for telomere binding protein β-gene and 5-to 12-fold for ActinI gene. The endogenous RNA that guides DNA rearrangements can also be reduced by RNAi treatments as previously shown. When this was performed for two other genes, telomere binding protein α-gene and DNA polymerase α-gene, DNA copy numbers in the offspring were reduced by 1.8-and 7.7-fold, respectively. Importantly, these changes in copy number seemed heritable through sexual reproductions. Two of three injected clones produced progeny with elevated somatic gene copy numbers on conjugation, showing the epigenetic inheritance of this somatic property. In the accompanying paper, Heyse et al. (7) report a similar phenomenon in Stylonychia, although the effects on copy numbers are lower (within twofold) after RNAi treatments or template RNA injections.
Epigenetic inheritance of gene dosages might
have an interesting biological role.
It is not clear how the RNA actually affects DNA copy number in this process. A possible explanation, as offered by Heyse et al. (7), is that it might act through gene rearrangement. Higher amounts of template RNA could promote or speed up the rearrangement process, thus producing successfully rearranged genes sooner and conferring an advantage in the next endoreplication phase to produce more DNA copies. In this scenario, the main molecular action of the RNA is in guiding DNA rearrangements, and its influence on DNA copy number would be a secondary effect. However, in the absence of more data, other possibilities remain open. Transacting RNA has long been known to regulate DNA copy number of ColE1 plasmids in Escherichia coli (15) . Nanochromosomes of these ciliates are small free molecules much like plasmids. It is interesting that their copy numbers also seem to be modulated by transacting RNA, although the mechanism remains to be deciphered. This epigenetic inheritance of gene dosages might have an interesting biological role. The special genomic structure of these ciliates offers remarkable potentials for genome-wide gene dosage variations within a somatic lifespan. Indeed, copy numbers of different nanochromosomes in a culture have been known to differ by many folds, and the copy number of a given gene can also change with the age of the culture (16) (17) (18) . The study by Heyse et al. (7) further confirms this variation in several genes. It is conceivable that, through cell division and DNA assortment, individual gene copy numbers can vary as a result of selection and adaptation in the open environment of these free-living ciliates, thus producing a somatic genome with the most advantageous gene dosage combination for the niche. When a new macronucleus is formed through conjugation, such a desirable dosage composition is recreated using the process described here, thereby facilitating the immediate success of their progeny. Thus, using the special genetic tools that they have, these ciliates may have found a way to ensure the proper upbringing of their offspring in the everchanging environment in which they live.
